Abstract -The paper presents the results of the studies focused on the specifics of cutting of materials, used in manufacturing of heavy power engineering products, on the example of longitudinal turning of steel 9SiMn16. To improve such important parameters of cutting as tool life and reliability of carbide tools, it is proposed to use nanoscale multilayer composite coatings, in particular, Ti-TiN-(TiCrAl)N and Zr-ZrN-(ZrNbCrAl)N, produced using the filtered cathodic vacuum arc deposition (FCVAD). It was found out that the use of carbide tools with developed coatings results not only in reduction of cutting forces by 20-25%, but also in substantial reduction of force variation as compared with the corresponding parameters for uncoated tools, which allows improvement of cutting quality. The proposed nanoscale multilayer composite coatings provide significant increase in tools useful life as compared with the standard TiN coating.
Introduction
Machining of heavy power engineering products (in particular, reactor vessels) has a number of significant features. In particular, pre-machining of workpieces for above products, for example, through forging, results in a significant change in their surface properties and, in particular, increases surface hardness and forms areas with abrasive inclusions and high irregularity of allowance. Meanwhile, there are still quite high quality requirements for workpiece surfaces that are comparable with similar requirements, such as applied in automotive and aircraft industries [1] . The above becomes the reason for sharp deterioration in workability of workpieces used in heavy power engineering. A typical part of large heavy engineering products is a reactor vessel. To increase its security it is necessary to increase the sidewall active zone, wherein welds are made outside the core, and that fact increases the complexity of its machining. Heavy power engineering also uses other large-size products (such as rotors, manifolds, tube sheets, etc.), whose workpieces are subjected to post-machining after preliminary forging. For this reason, the main objective of this research was to develop a carbide tools with useful life increased due to the use a Corresponding author: ecotech@rambler.ru of a nanoscale multilayer composite coatings on carbide substrates.
Cutting process evaluation
For the qualitative and quantitative evaluation of the cutting process, the research was focused on the study of cutting forces and force variation, as well as wear mechanisms and behavior and wear-resistance data for tools with the developed coatings in comparison with those for uncoated tools and tools with "reference" commercial coating.
For the cutting process, it is necessary to apply to a tool the force, which overcomes the resistance of the material being machined against penetration of a foreign body and separation of some material (chipping). Change in the cutting force indicates the change in energy generated during the cutting and results in change of temperature occurring at the cutting.
The cutting force arising in longitudinal turning of material is usually spread on three axes in a rectangular coordinate system that correspond to the directions of motion of cutting speed vector F C , feed force F f and vector of tool release from workpiece F P . These three vectors form a hodograph of forces with resultat force F Z and a Article published by EDP Sciences plane with active component of cutting force F a (1) [2] [3] [4] [5] [6] .
Since the tool makes no shaping movement in the direction of passive force component F P , then it plays no role in the conversion of energy. However, the radial force F P significantly affects release of a tool from a workpiece and the machining accuracy. The active component of the cutting force P a in the coordinate system is decomposed into two components F C and F f (Fig. 1 ) [2] [3] [4] [5] [6] . Power required for the cutting results from multiplication of cutting speed and one of the components of the cutting force (F C ), acting in that direction (Fig. 1 ) [2] [3] [4] [5] [6] .
Cutting power is calculated as follows:
where V C -cutting speed. Accordingly, the power required for machining process or cutting power is in direct relationship with the tangential component of the cutting force (3) .
where T C -cutting time.
According to the comparative wear-resistance tests carried out earlier [7] , at cutting of steel 9SiMn16 with close properties, the longest tool life was shown by carbide tools with nanoscale multilayer composite coatings (NMCC) Ti-TiN-(TiCrAl)N and Zr-ZrN-(ZrNbCrAl)N, deposited through filtered cathodic vacuum arc deposition (FCVAD) [8] [9] [10] [11] (see Fig. 2 ). Meanwhile, the tool with NMCC Zr-ZrN-(ZrNbCrAl)N showed the longest tool life.
Based on the above, for the further research, the tools with NMCCZr-ZrN-(ZrNbCrAl)N were selected for the study of cutting forces and with NMCC Ti-TiN-(TiCrAl)N and Zr-ZrN-(ZrNbCrAl)N for comparative wear-resistance tests and study of tool wear behaviour.
Experimental procedure
The tests were conducted on a CNC lathe Index GU 600. The tests included cutting inserts SNGN 120412, fixed in holders with the main angle in terms of 75
• . Steel 9SiMn16 (find chemical composition in Tab. 1) was used as the material being machined, and carbides of various brands were used as tool materials.
Cutting was carried out at the following cutting conditions: V C = 120 m.min −1 , f = 0.1 mm.rev −1 , a p = 3 mm. The cutting forces were measured with a threecomponent force dynamometer (Kistler Type 9121) mounted on the turret disk of the CNC lathe Index GU 600 via turret adapter for the tool holder creating a very rigid tooling fixture. The charge signal generated at the dynamometer was amplified using charge amplifiers (Kistler Type 5814B1). The amplified signal is acquired and sampled by using a data acquisition PCMCIA card and Kistler Dyno Ware software on a computer at a sampling frequency of 2000 Hz per channel. Time-series profiles of the acquired force data reveal that the forces are relatively constant over the length of cut and factors such as vibration and spindle run-out were negligible.
For microstructural studies of samples of carbide with coatings, a raster electron microscope FEI Quanta 600 FEG was used. The studies of chemical composition were conducted with the use of the same raster electron microscope. To perform X-ray microanalysis, the study used characteristic X-ray emissions resulting from electron bombardment of a sample.
Results and discussion
Was performed For cutting inserts of carbide without coating and with NMCC Zr-ZrN-(ZrNbCrAl)N (FCVAD) experimental study of cutting force (F c ), feed force (F f ), passive force (F p ) has been carried out. The study found out:
-decrease of all three components of the cutting force (F c , F f , F p ) for tools with NMCC Zr-ZrN-(ZrNbCrAl)N (FCVAD) as compared with uncoated tools; -considerable decrease in force variation for all three components of the cutting force (F c , F f , F p ) for a tool with NMCC Zr-ZrN-(ZrNbCrAl)N (FCVAD) as compared with uncoated tools, when the maximum value of force variation was observed for cutting force (F c ), and the minimum value -for passive force (F p ).
The obtained data were processed in accordance with the following algorithm in order to obtain typical average values of cutting forces and force variation. The results are presented in Table 2 . Here F c is cutting force; F f is feed force; F p is passive force ; Y is the data dispersion determined as follows:
where F is cutting force, n is the number of processed data points, RMSD is the root mean square deviation determined through the following formula:
ARV is average rectified value, which is arithmetic average of absolute instantaneous values over the period of time for data processing. It is determined through the following formula:
where K f s the form factor equal to the ratio of the RMSD value to the ARV value; Kc is the crest factor equal to the ratio of the amplitude to the RMSD value. The obtained data allowed comparison of cutting forces and force variation for carbide tools without coating and with NMCC Zr-ZrN-(ZrNbCrAl)N (FCVAD). The calculation results are presented in the form of diagrams in Figures 3 and 4 .
Deposition of NMCC Zr-ZrN-(ZrNbCrAl)N (FCVAD) on a carbide tool reduces cutting forces (up to 25%) and stabilizes the cutting process due to significant reduction in force variation between the maximum and minimum values of the cutting force. The latter allows predicting the likelihood of a significant increase in tool life of carbide tools with developed NMCC due to reduction of vibrations generated at cutting.
Flank wear land V B c = 0.45−0.5 mm was taken as a failure criteria. It was measured with toolmaker's microscope MBS-10 as the arithmetic mean of four to five tests. The results were processed using parametric identification of exponential stochastic multiplicative mathematical model by least squares method. Curves obtained by mathematical processing of the experimental data are shown in Figure 5 machining conditions (tool life increased by up to 2-2.5 times and higher) as compared with tool life of the tool with "reference" TiN coating.
The wear behavior of the tool with developed NMCC shows fairly stable and balanced wear of contact areas of rake and flank faces of cutting tool without visible chips and centers of brittle fracture in transition to a phase of catastrophic wear, so typical for uncoated carbide tools and tools with "reference" TiN coating.
The tool with NMCC Ti-TiN-(TiCrAl)N (FCVAD) showed a marked increase in tool life at cutting with low and average values of cutting conditions (a p = 0.5−1.2 mm; f = 0.1−0.15 mm.rev −1 ; v C = 250−300 m.min −1 ). When cutting conditions are enhanced due to increase in depth of cut a p and feed f , tool life of the tool with developed NMCC is close to tool life of the tool with "reference" TiN coating.
However, in this case, the wear behavior of the tool with NMCC Ti-TiN-(TiCrAl)N (FCVAD) shows a decrease in the intensity of the phase of catastrophic wear in the absence of brittle chipping of large volumes of carbide. The latter is apparently connected with the active formation of oxide films of high hardness of Al 2 O 3 type, formed in the cutting zone [12] .
The tool with NMCC Zr-ZrN-(ZrNbCrAl)N showed the longest tool life under all the cutting conditions under study according to the achieved wear behavior of the tested coatings under various cutting conditions. When the cutting speed is increased up to v c = 350 m.min −1 , the tool life decreases for all the coated tools. However, for the tool with "reference" TiN coating, the above decrease in tool life is less pronounced (by 1.6 times) as compared with the decrease in tool life of the tool with developed NMCC Zr-ZrN-(ZrNbCrAl)N (decrease in tool life by 2.8 times for the tool with NMCC and by 3.8 times for the tool with NMCC Ti-TiN-(TiCrAl)N). This may be connected with higher wear resistance of carbide at elevated temperatures of cutting due to increase in resistance to high-temperature softening of carbide at deposition of developed NMCC. Increase in feed f from 0.1 up to 0.2 mm.rev −1 has a little effect on tool life of a tool with "reference" TiN coating, while the above effect is higher for a tool with NMCC Zr-ZrN-(ZrNbCrAl)N (tool life decreases by 20%). For a tool with NMCC Ti-TiN- (TiCrAl)N, the effect reaches its maximum (tool life decreases by almost 2 times). This effect may also be connected with the lower influence of feed on temperature in the cutting zone as compared with the influence of the cutting speed and feed on strength characteristics of carbide. Increase in depth of cut a p from 0.5 up to 1 mm results in a slight decrease in tool life of a tool with "reference" TiN coating and with NMCC Zr-ZrN-(ZrNbCrAl)N (decrease by 20-25%), while for a tool with NMCC TiTiN-(TiCrAl)N, the decrease is more significant (decrease by 1.7 times). The metallographic tests of coating structures were conducted to understand the considerably strong effect of cutting parameters on intensity of wear and wear behavior of carbide tools at deposition of the coatings under study. Figures 7-9 present SEM-images, obtained on cross-sections of the following compositions: "carbide substrate-TiN", "carbide substrate-Ti-TiN-(TiCrAl)N", and "carbide substrate-Zr-ZrN-(ZrNbCrAl)N".
The results of metallographic tests of carbide tools with coating TiN are presented in Figure 7 .
According to the results of metallographic tests of composition "carbide substrate-TiN", obtained through the arc-PVD technology presented in Figure 8 the thickness of coating TiN is 3.32-3.43 μm. Coating TiN with single-layer architecture has a definite "columnar" structure, typical for coatings TiN, formed at carbide substrates using the arc-PVD technology. Wear of carbide tool with coating TiN is of definite abrasive and adhesionfatigue pattern. Formation of builds-up edge is observed along flank face and in a wear crater (Fig. 7b) . The tests reveal active crack formation predominantly in the form of longitudinal cracks in the structure of coating on rake face of the tool (Fig. 7c) . Structure of adhesive sublayer NMCC Ti-TiN-(TiCrAl)N includes microdroplets of up to 0.6 μm, which distort structure of subsequent layers. Wear of carbide tool with NMCC Ti-TiN-(TiCrAl)N is defined by abrasive wear mechanism (to a lesser extent) and adhesion-fatigue wear mechanism (prevailing wear mechanism). The tests revealed formation of builds-up edge along flank face and in a wear crater (Fig. 8b) . The tests also pointed to active crack formation in the structure of coating along rake face, in particular, active formation of longitudinal cracks and delamination (Fig. 8c) .
Results of the structure tests and wear mechanisms for a carbide tool with NMCC Zr-ZrN-(ZrNbCrAl)N are presented in Figure 9 .
The tests of the structure of NMCC Zr-ZrN-(ZrNbCrAl)N, deposited on a carbide tool through the FCVAD technology allow to obtain the total thickness of NMCC 3.7-3.8 μm (Fig. 9c) The analysis of wear behavior for NMCC Zr-ZrN-(ZrNbCrAl)N reveals the following results. Wear of a carbide tool is defined by mechanisms of abrasive and adhesion-fatigue wear, the latter prevailing. Formation of builds-up edge of the material being machined along the flank tool face, as well as considerably deep penetration of the material being machined into the carbide structure (Fig. 9b) . Active crack formation in the structure of coating on rake face, with prevailing formation of transverse cracks (Fig. 9c) . Active chipping of coating components in the area directly adjacent to the tool cutting edge with subsequent formation of builds-up edge consisting of particles of the material being machined (Fig. 9b) . Dynamic failure of coating originating around a microdroplet, as well as presence of a number of numerous through cracks (Fig. 9c) .
Conclusions
The study results show a decrease in cutting force F c , feed force F f and passive force F p by 20-25% with considerable decrease in force variation. Wear behavior of the tested coatings under various cutting conditions reveals that the tool with NMCC Zr-ZrN-(ZrNbCrAl)N coatings have the longest useful life. Wear of carbide tool with NMCC Ti-TiN-(TiCrAl)N is defined by abrasive wear mechanism and adhesion-fatigue wear mechanism (prevailing wear mechanism).
The analysis of the wear behavior of carbide tools with coatings under study shows that adhesion-fatigue wear mechanism is prevailing for carbide tools with all the tested coatings. The mechanism of adhesion-fatigue wear is defined with formation of longitudinal cracks in coating and is typical for tools with coatings of "reference" TiN coating and NMCC Zr-ZrN-(ZrNbCrAl)N. For tools with NMCC Ti-TiN-(TiCrAl)N coating, adhesion-fatigue wear is defined by formation of transverse cracks. All three types of coatings are prone to formation of buildsup of the material being machined in the area adjacent to cutting edge. 
